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Trends in energy oemand
The first point in forecasting energy demand is obviously to look at historical trends, over a century at least, and try to extract the signal out of the white noise and various medium-scale perturbations that occur along the way. Although the long-term extrapolation of these trends may require a more subtle analysis of social and economic trends, they are good to be kept in mind.
The ones reported in Fig. 1 and Fig. 2 have something special. They include wood and farm waste. This is necessary to get a proper basis for extrapolation because part of the growth of commercial energy sources is due to sUbstitution of wood and farm waste.
As you see, apart from the big dip, coinciding with the great recession, "healed" then by 'dorld War II and some "overheating" coinciding with world war I and preceding the 1930's recession, the 2% secular trend is followed quite tightly for the world, even taking into account the compression due to the log display.
In the case of the U.S. we also have a well defined trend with the bumps in somehOvl different positions. The higher value of 3% does not appear particularly significant as the U.S. population has grown roughly 1% faster than the rest of the world in the period considered .
The second point is to look inside the envelope of total energy demand for trends in primary fuels demand. I did this exercise at IIASA, using a methodology completely different from the "modelling" which is so popular in many places of the world, and whose contradictory results, when used to forecast over long ranges, cast many doubts on its reliability.
-3 -I started from the somehow iconoclastic hypothesis that the di.fferent primary energy sources are commodities competing for a market, like different brands of soap or different processes to make steel, so that the rules of the game may after all be the same. These rules are best described by Fischer and Pry (1)(2), and can be resumed in saying that the fractional rate at which a new commodity penetrates a ｭ ｡ ｾ ｫ ･ ｴ is proportional to the fraction of the market not yet covered: 1) or:
In (F/1-F) = at + C where: F = fraction of market penetrated ex and C constants, characteristic of the particular commodity and market.
In Figs. 3, 4 and 5 some cases of market penetration are reported, showing the extraordinary precision by which those curves fit the statistical data (which often are not very precise). All of them refer to a competition between two products. In the case of energy we have three or four energy sources competing most of the time so I had to extend a little the treatment with the extra rule that one of the fractions is defined as the difference to 1 of the sum of the others. This fraction follows approximately an equation of type (2) most of the time, but not always. It finally shows saturation and change in coefficients.
The fraction dealt with in this way corresponds to the oldest of the growing ones. The rule can be expressed in the form: First in -first out.
-4 - Fig. 6 shows the plotting of statistical data for the U.S. in the form In (F/l-F) vs. time.
More than a CGlitury ｯ ｾ data can be fitted in an almost perfect way using only two constants, which come out to be twa dates, for each of the primary energy sources (wood, coal, oil, gas) . The whole destiny of an energy source seems to be completely predetermined in the first childhood.
As we can see by analyzing the curves and the statistical data in greater detail, these trends -if we can call them that way -go unscathed through wars, wild oscillations in energy prices and depressions. Final total availability of the primary reserves also seems to have no effect on the rate of substitution. The only real departures from the curves are due to strikes In the coal jndustry, but the previous trend is rapidly resumed and the effects of the strike s9mehow "healed". On the point of availability it seems that the market regularly moved away from a certain primary energy ｳ ｯ ｵ ｲ ｣ ･ ｾ long before it was exhausted, at least at world level. The extrapolation of these trends indicates that the same thing is likely to happen in the future, e.g. that oil reserves will never be exhausted because of the timely introduction of other energy sources.
When I started showing around those curves, people said they were fascinated, then that the fit was too good to be true, then that one should find the explanation before accepting and using them.
Nothing to say about the first two points but the third one is in principle unacceptable: laws work or don't work, and the only reason to accept a rule as a law is because all sorts of tests applied to it show that it works.
What most model makers do, starting from elementary relations and by functional and progressive aggregations going to macro--5scopic variables (e.g. demand) is very similar to what is done in statistical mechanics in order to "induce" e.g. thermodynamic laws from mechanistic principles. But thermodynamics is ｣ ｯ ｭ ｰ ｬ ｾ ｴ ･ ｬ ｹ autonomous from the interpretation, in the sense that its "truth" is internal to the set of macroscopic measurements from which it has been derived. Now, putting philosophy aside, I played the game of forecasting (i.e. of backcasting) within the historical period. E.g., I took the data for the U.S. from 1930 to 1935 and tried to forecast oil coverage of the U.S. market up to 1970. As Fig. 7 shows, the predicted values even for the saturation period fit the statistical data better than Ｑ Ｅ ｾ which after all is the minimum error that can be expected froIn this kind of statistics. This means that the contribution of oil to the U.S. energy budget, e.g. in 1965, was completely predetermined 30 years before, with the only assumption that a new primary source of energy (e.g. nuclear) was not going to play a major role in the meantime. As the history of substitutions shows, however, the time a new source takes to make some inroad in the market is very long indeed, about a hundred years to become dominant starting from scratches, so that also this assumption appears really unimportant for predictions up to 50 years ahead.
As our game worked so well in the last hundred years, why not make a try for the next hundred years, just to see what happens?
The results are shown in Figs. 8, 9 and 10, and some quite important consequences can be drawn from them.
The first one is that substitution has a certain internal dynamics largely independent from external factors like final reserves of a certain primary energy source. So the coal share of the market has star-ted decreasing in the U. S. around World War I in spite of the fact·that coal reserves were in a sense infinite.
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The second is that substitution proceeds at a very slow pace, let us say of the order of a hundred years to go from 1% to 50%. The "acceleration of the times" which we all perceive does not show up in the statistics. Perhaps the increasing number of changes is giving us that sense of ac:celeration even if the rate of each individual change stays constant and low.
This fact rules out the possibility of having fusion or solar energy covering a sizable fraction of the energy market before the year 2050 and leaves us with the narrow cholce: go nuclear or bust. A resurgence of coal appears improbable too, and I found very nasty reactions on that point from everybody except from coal people who appeared in a sense relieved from a mission well above their forces.
The problem, however, of how to consider a SNG plant, a coal consumer or a primary energy producer, as in fact it is seen from the market, is still an open question. This leaves some ambiguity in the interpretation of the curves in the case of important intertransformation of fuels.
Figs. 11 and 12 show the same curves for the world, with different hypotheses concerning the timing and rate of introduction of new sources of primary energy.
These curves relate to fractions. To get absolute values, one has to mUltiply them by the total level of energy consumption. Fig. 13 gives the result for the world, using a 2% secular rate of growth, Fig. 14 for the U.S., using two different rates of growth. In both cases, the amount consumed in 1970 is taken as a unity.
In case of scarcity it appears that energy saving is much mOre efficient than substitution. Phasing out of a source does not necessarily mean reduced production in absolute ｴ ･ ｲ ｭ ｾ Ｎ -7 - The results of the calculations are given in the following The only real departure is for Holland. One interpretation being that it really belongs to the "Catholic" group, i.e. to the second one, with a lower societal efficiency.
The results are graphically displayed in Fig. 18 where it appears very clearly how different nations have organized themselves, and how high GNP with low material input, e.g. energy can be obtained via a high level of engineers, l.e. of know-how.
It is unfortunate for Japan to have such a low level of societal efficiency, revealing perhaps the difficulty of adapting its society to an economic system developed by a protestant society.
One might, in abstract, speculate on the consequences of trying to adapt western technology to the Japanese society, the reverse of the option taken a century ago. The same law appears to hold also for a socialist economy. Japan appears to be the first to use in-t€n::;i-I/-cly. this tt:chniquc:, ｯ ｲ ﾷ Ｎ ｩ ｧ Ｎ ｬ Ｎ ｮ ｡ ｬ ｬ ｾ Ｇ developed in Austria during the Second World War. ,.
I" ,. , ;:. ' ,' .S1 1930 1940 1950 1960 i970 . ｆ ｩ ｾ Ｎ 6 -Fitting of the statistical data on primary enerGY Ｍ Ｍ Ｍ Ｍ ｾ consur.;p'tion in the U. S. Straight lines are represented by equations of type (2). Rates of penetration are indicated by the time to go from 1% to 50% of the market (AT years). The knee in the oil curve and the saturation reeions can be calculated by tte rule "first in-first out". .: 
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The assumption that no nuclear energy, or new sources will be introduced leads to the absurd situation where all energy input in the US will rely on natural gas. 
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where Fi(t) is the fraction of market penetration of the source i and n is the ｮ ｵ ｭ ｢ ｾ ｲ of energy sources. Expression (1) must hold for all t.
As shown in the paper, the logistic functions appear to give a good description of the market share of a given product.
These logistic functions can be written as: 
The superscript 0 for parameters (li and c i will indicate that those parameters are defined on the basis of historical data.
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(1) can be rewritten:
Our intention is to project the market penetration trends of the primary energy sources over the time interval longer than the time period for which data are available.
This projection in the future leads to situations where one or more energy sources are penetrating the murket at a higher rate than other energy sources leaving the market.
Thus, in such situations expressions (1) The methoJ used is that the oldest still growing energy source must decrease, i.e. the expression (3) would not hold for that, oldest, energy source from that time point on, and will be equal to the difference between 1 and the sum of all other energy sources. By oldest we mean the energy source which is anterior to all other energy 30urces. This chosen energy source then enters a transition period after which the market share starts decreasing. vlhen this decrease starts, the originally second oldest still growing energy source Dust be labeled "oldest".
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We assume that there are n energy sources competing on the market so that any energy is denoted by ig[l,nl ｾ 1 • We want to consider a time period longer than the historical period for which data are avilable:
At the beginning we choose, as described above, the oldest still growing energy source j by:
As already described above, for all other energy sources that are leaving the market, i.e. ｡ ｾ < 0, expression (3) always holds. For the oldest still growing energy source j, we define the market penetration by:
In the following we will explain the quantities introduced by (5). First we define tbo and t 0 as these are instrumental AJ 1 of ｴ ｨ ｾ ｾ quanti ties on the right hand side of expression (5) are no\-] defined, and there fore also the raark€t penetration
Dehavior of the energy source j.
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The energy source j thus defined, however, is only the first energy source that must leave the market due to definition in expression (1). As the time goes on we might still encounter the problem that we must reduce the current, oldest still growing energy source. Accordingly, we go through the process source by source. Generally, we therefore have:
where:
Finally expression (5) on the basis of historical data. The program Q then. generated the values of F i (t) for any chosen interval of time bet,,7een t > 0 and t < 00
In order to express consumption of different energy energy sources in absolute terms, a base year t = 1970 is given as input o and a constant growth rate (r) for total energy consumption is
given. The consumption in the base year for each SOl.u:ce has been taken as unity for this source.
The source code for this program has been written in fi ..RD ......,;&.1 21::0
:.:--. l:- For the second energy source (h) a 2 (t) > 0 for t < tb 2 For the third energy source Ｈ ｾ Ｉ a 3 (t) > 0 for t < tb 3
For time period tE[tb 2 ,te 2 ) :F 2 (t)=1-F l (t)-F 3 (t), elsewhere F 2 (t) = exp(a2(t)t+c2(t) ) 1+exp[a2(t)t+c2(t)]
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